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Abstract Ribosomal protein S6 from Thermus thermophilus 
was modified to form the unusual unique topology designed 
earlier for a de novo protein albebetin. The $6 gene was cloned, 
sequenced and circularly permutated by means of genetic 
engineering methods. The permutated gene was expressed in 
Escherichia coli and the permutein was isolated and investigated 
by means of circular dichroism, fluorescence spectroscopy and 
scanning microcalorimetry. The permutated protein revealed a 
pronounced secondary structure close to that of the wild type S6 
protein and a rigid tertiary structure possessing cooperative 
temperature melting. It means that the unusual new topology of 
albebetin is compatible with a rigid tertiary structure, it may be 
realized in natural proteins and it is not responsible for the 
absence of rigid structure in albebetin. 
© 1997 Federation of European Biochemical Societies. 
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1. Introduction 
There is a widespread belief that design and synthesis of 
man-made amino acid sequences which ensures a desirable 
3-D structure is the best way to check whether we understand 
the principles of protein structure and protein folding. Several 
successful attempts have been made in this field (see [1 3] for 
reviews). 
It is necessary to emphasize, however, that practically all 
existing de novo proteins were designed in such a way that 
they mimic structures of some natural proteins or their do- 
mains. The de novo protein albebetin is virtually the only 
exception. It has been designed to form a predetermined ter- 
tiary fold four-stranded antiparallel [3-sheet with one side 
covered by two cz-helixes with a topology which does not 
contradict any structural rules, but has never been observed in 
natural proteins [4~6]. Structural analysis of this protein by 
high-performance g l filtration, urea-gradient electrophoresis, 
limited proteolysis, near and far UV CD spectroscopy and 
microcalorimetry [5 8] has shown that albebetin possesses 
the properties of the molten globule state [9]. The question 
arises: Why does albebetin have no rigid tertiary structure? 
There are at least two possible answers to this question: 
I. imperfect design of tight packing of amino acid residues 
inside the molecule; 
2. contradiction of unusual target topology to some un- 
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known rules of protein structure: as a result, the native 
protein with this topology cannot exist. 
It is obvious that finding a natural protein with albebetin- 
like topology and rigid tertiary structure could help choose 
between these two possibilities. Unfortunately, so far a small 
globular protein with this topology has not been found. That 
is why we decided to perform a circular permutation in nat- 
ural protein which has a rigid tertiary structure and the sec- 
ondary structure lement packing close to that designed ['or 
the de novo protein, but whose topology (connections be- 
tween the elements of the regular secondary structure) is dif- 
ferent from that of albebetin. Such permutation will result in a 
new protein with albebetin-like topology and rigid tertiary 
structure. 
Previous experience of several research teams in this field 
shows that permuteins usually have the possibility to form a 
rigid tertiary structure [10 16] which makes it possible to 
think that permutation by itself virtually does not ruin a pro- 
tein structure. To realize this idea, ribosomal protein $6 from 
Thermus thermophilus was selected. It is a small globular pro- 
tein of 101 amino acid residues: its 3-D structure has been 
solved with high resolution [17]. 
With the use of circular dichroism, fluorescence analysis 
and differential scanning microcalorimetry we showed that 
the permutated variant of ribosomal protein $6 has a rigid 
tertiary structure, which can be melted cooperatively. Thus, 
the albebetin topology does not contradict he requirement of 
globular protein structure. 
2. Materials and methods 
2.1. Materials 
Restriction endonucieases, T4 DNA ligase, Vent polymerase and 
other enzymes and chemicals were from New England Biolabs 
(USA), Pharmacia (Sweden), Sigma (USA), Bio-Rad (USA), and 
Amersham (UK). 
2.2. Genetic engineering 
Standard methods [18] were used for genetic engineering procedures 
such as DNA digestion and analysis with restriction endonucleases, 
ligation and transformation f Escherichia toll, preparation and puri- 
fication of DNA fragments, etc. E. coil strains XLI-Blue [19] and 
BL2IDE3(pLysS) [20] were used for gene cloning and expression. 
The $6 gene was cloned and permutated using polymerase chain re- 
action as described elsewhere [21]. 
2.3. Spectral measurements 
Circular dichroism studies were carried out on Jasco-600 and Jasco- 
41A spectropolarimeters (Japan Spectroscopic) using 0,148 mm and 
10 mm quartz cells for the far and near UV CD measurements, re-
spectively. Both instruments were equipped with a temperature-con- 
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trolled holder. Protein concentration was 0.99 mg/ml. The far UV 
spectra were analyzed in the 200-250-nm region. 
Urea-induced unfolding of permutated protein was studied by the 
characteristic red shift of the maximum of the tryptophan fluorescence 
spectrum [22] and the unfolding curve was analyzed as described in 
[23,24]. Protein concentration was 0.05 mg/ml. The value of Av (the 
difference in the number of denaturant molecules 'bound' to one 
protein molecule in its two states) was determined by the following 
equation [25]: 
/ \ ~O
Ava i l  = 4at~ a ) .... (1) 
where at is the denaturant activity in the transition midpoint. 
2.4. Microcalorimetry 
Calorimetric measurements were carried out on a new precise differ- 
ential adiabatic scanning microcalorimeter SCAL-I (Scal, Ltd., Push- 
chino, Russia). This microcalorimeter is equipped with a newly de- 
signed calorimetric unit with cylindrical glass cells (0.34 ml) providing 
high chemical resistance and excellent dynamic haracteristics. Protein 
concentration was 2.1 mg/ml; scanning rate was 0.9 K/min. 
3. Results and discussion 
3.1. $6 permutein engineering 
As has already been mentioned, the mutual arrangement of 
secondary structure lements in ribosomal protein $6 from 
Th. thermophilus i close to that of de novo protein albebetin, 
but these two proteins differ from each other by their top- 
ologies. To visualize this conclusion, Fig. 1 compares the spa- 
tial structures of albebetin and $6 protein. One can see that 
albebetin-like topology can be introduced in $6 protein by the 
insertion of a loop between its N- and C-termini and cutting 
the loop between the first m-helix and [~-strand. 
Circular permutation i $6 protein was designed using the 
molecular graphic program 'What If' [26]. It was decided to 
make the following changes [21] (see Fig. 1): 
1. remove four amino acid residues at the C-terminus of 
the protein; 
2. remove Met and Arg at its N-terminus; 
3. cut the loop between the first c~-helix and 13-strand (be- 
tween Ash-13 and Leu-14); 
4. link modified N- and C-termini using a loop Ala-Ser- 
Thr-Thr-Pro-Gly; 
5. put Met at the new N-terminus of the chain. 
In accordance with these suggestions the $6 gene was modi- 
fied using a two step polymerase chain reaction. The common 
direct primer was complementary to the nucleotide sequence 
coding the first c~-helix; two reverse primers consequently 
generated a sequence corresponding to a 13-strand at the C- 
terminus of the new protein. The product of amplification was 
a gene, coding a new protein, starting from the c~-helix and 
bearing the 13-strand at the C-terminus. The detailed mutagen- 
ic procedure is described in [21] as well as expression of the 
permutated gene in E. coli. 
3.2. Structural properties of  the permute& 
Fig. 2A represents he circular dichroism (CD) spectrum of 
the permutated $6 protein in the near UV region. It is known 
that the rigid chiral environment of aromatic amino acid res- 
idues in native proteins gives rise to specific aromatic CD 
signals. This means that the presence of pronounced signals 
in the near UV CD spectrum of permuatted $6 protein is 
consistent with the conclusion that this protein has a unique 
tertiary structure. This conclusion is in good agreement with 
the 1H-NMR spectrum of the permutein, which, being typical 
for a native globular protein, contains many resonance lines 
through the whole spectral region with chemical shifts which 
are not observed for unfolded proteins (data not shown, for 
details see [21]). 
The far UV CD spectrum of the permutated $6 protein is 
shown in Fig. 2B. It is known that analysis of the shape and 
intensity of the far UV CD spectrum makes it possible to 
estimate a secondary structure content in a protein [27]. Quan- 
titative analysis of the far UV CD spectrum of the permutated 
$6 protein showed that it contains 25% a- and 43% 13-struc- 
ture. These values are close to those calculated from X-ray 
data for the wild type $6 protein (26% t~- and 39% [3-struc- 
ture), indicating that permutein possesses a native-like second- 
ary structure. 
Fig. 3 presents data on urea-induced unfolding of permu- 
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Fig. 1. A: Pre-designed 3-D structure of albebetin [2-4]. B: 3-D structure of ribosomal protein $6 [16]. Topology of both proteins is shown be- 
low. To transform the $6 protein molecule into albebetin topology, one has to introduce the loop between two 13-strands (dashed line) and cut 
the loop between the first I]-strand and 13-helix (crossed). 
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Fig. 2. Near (A) and far (B) UV CD spectra of the permuted $6 protein in 20 mM potassium phosphate buffer pH 7.37 at 20°C. 
tein followed by the parameter 137(i/I330 (Iar0 and I330 represent 
intensities of Trp fluorescence at 370 and 330 nm, respec- 
tively). It is known that changes in this parameter upon pro- 
tein unfolding can be used to monitor the characteristic red 
shift of the tryptophan fluorescence spectrum maximum. 
Recently it has been shown [23,24] that the steepness of the 
urea- or guanidinium chloride-induced unfolding curve de- 
pends strongly on whether a given protein has a unique ter- 
tiary structure (i.e. it is native) or it is already denatured and 
exists as a molten globule. This means that additional infor- 
mation about the rigidity of the tertiary structure can, in 
principle, be obtained by the analysis of the denaturant-in- 
duced unfolding curve. To this end the corresponding value 
of  Av e~ff (see Section 2) should be determined. Then this value 
should be compared with Av'~i.u and A-elf values corre- ~V MG~ U 
sponding to the native-coil and molten globule-coil transition, 
respectively• These two parameters can be estimated from [24] 
log Av 'J1 0.971og M--0.07 (2) N ~ U 
log kv ¢~U 0.891og M-0 .4  (3) MG---(' 
where M is the protein molecular weight in kDa. The value of 
standard eviation (+ 2.0) in these cases was determined from 
the corresponding figures in [24]. 
Thus, Av~u = 8.9 + 2.0 and AV~G~L,. = 3.4 + 2.0, respec- 
tively, for native-coil and molten globule-coil transitions in 
natural proteins of 11 kDa (molecular weight of the permu- 
tein). The corresponding value for the permutated protein 
obtained from the data of Fig. 3 using Eq. 1 is Av ~Jf= 
9.6_+ 0.5, therefore the cooperativity of urea-induced unfold- 
ing of permutated $6 protein is typical for native globular 
protein of this molecular weight. 
Fig. 4 shows the data of a microcalorimetric study of the 
permutein. Scanning microcalorimetry is a powerful tool to 
investigate thermal denaturation of globular proteins [28,29]. 
The heat absorption peak(s) in a calorimetric urve presents 
evidence for cooperative unfolding of a protein molecule [29], 
and predominantly of tertiary structure disruption [9]. Micro- 
calorimetry study of the permutein (Fig. 4) revealed a heat 
absorption peak at 69°C upon the temperature melting. Thus, 
it is also evidence indicating that the permutated protein pos- 
sesses a rigid tertiary structure. 
Finally it should be emphasized that the above results taken 
together leave no doubt that the permutated version of ribo- 
somal protein $6 has a native-like secondary structure and 
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Fig. 3. Urea-induced unfolding of the permutated $6 protein moni- 
tored by the characteristic red shift of the maximum of the trypto- 
phan fluorescence spectrum. I370 and Ia30 are intensities of Trp fluo- 
rescence at 370 and 330 nm, respectively. Measurements were 
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Fig. 4. Temperature dependence of partial heat capacity C o of the 
permutated $6 protein in 20 mM potassium phosphate buffer at 
pH 7.37. 
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stable rigid tertiary structure. This allows us to presume that 
the circular permutation i  $6 protein (as well as some small 
modifications of its amino acid sequence) does not prevent he 
permutein from forming a rigid tertiary structure. Unfortu- 
nately, we have no direct evidence on the topology of permu- 
tated $6 protein. However, all the permuteins tudied before 
either had a 3-D structure very similar to that of initial pro- 
tein, or had no stable 3-D structure at all [10-16]. Thus, from 
our point of view, the suggested esign and the obtained re- 
sults allow us to think that permutein actually possesses the 
albebetin-like topology. Consequently, a protein with unusual 
albebetin-like topology can have a unique rigid 3-D structure. 
This means that this topology is not responsible for the ab- 
sence of a rigid tertiary structure in the de novo protein albe- 
betin. 
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